The reactive magnetron co-sputtering of two confocal SiO 2 and Er 2 O 3 cathodes in argon-hydrogen plasma was used to deposit Er-doped Si-rich-SiO 2 layers. The effects of deposition conditions (such as hydrogen rate and substrate temperature) and annealing treatment (temperature and time) on the structural, compositional and photoluminescence (PL) properties of the layers were examined. An enhancement was observed of both Er 3+ PL emission and Er 3+ lifetime at 1.54 mm in comparison with their counterparts for the best samples reported so far. It was shown that a lifetime as high as 9 ms can be reached, with comparable PL intensities for resonant and non-resonant excitation lines. The effective cross-section and the fraction of Er ions coupled to Si clusters are analyzed.
Introduction
Erbium-doped materials are under an intense research because of their potential optoelectronic and photonic applications due to sharp photoluminescence (PL) at 1.54 mm. Such ions and corresponds to the minimum absorption of the silicabased optical fibres. During the last years, numerous Si-based materials have been investigated as a host for Er ions, like crystalline silicon (c-Si) and sub-stoichiometric SiO x (1oxo2) up to SiO 2 [1] . In c-Si, a strong temperature quenching of the Er 3+ PL was observed and attributed to Auger de-excitation and energy back-transfer processes [2] , while in Er-doped-SiO 2 materials the de-excitation processes of the Er 3+ PL are practically absent but suffers from the low excitation cross-section of Er, s eff ($10 À21 cm 2 ) [3] that requests pumping by expensive high-power lasers. However, the sub-stoichiometric SiO x or Si-rich silicon oxide (SRSO) appears highly interesting as host material, since it leads to nearly two orders of magnitude enhancement of the Er 3+ PL, compared to Er-doped SiO 2 [4] [5] [6] [7] [8] [9] . This effect was attributed to the presence of Si nanoclusters, Si-nc, and to a strong coupling between them and Er 3+ ions [5] [6] [7] [8] [9] [10] . Then the increase of s eff up to 10 À16 cm À2 [11] was demonstrated, corresponding to the absorption cross-section of Si-nc [12] . The sensitizing role is independent of the crystalline or amorphous nature of Si-nc [13, 14] , and the energy transfer from Si-nc to Er 3+ ions is highly dependent on their separating distance, which should be less than 0.5 nm [15, 16] . Such a distance dependence is considered to be responsible for the few percentage of Er coupled to Si-nc [8, 17] . Recently, our team has developed a novel approach for the fabrication of Er-SRSO layers by the reactive co-sputtering of two confocal cathodes of Er 2 O 3 and SiO 2 , instead of the reactive sputtering of a single SiO 2 target topped by Er 2 O 3 chips, as described in Refs. [14, [16] [17] [18] . Moreover, the deposition was made on a rotating substrate, leading to a better homogeneity of both growth and composition of the layers. The content of Er and Si excess can be finely and independently tuned through the monitoring of the RF power applied on each cathode, the hydrogen rate r H and the substrate temperature T S .
Experimental
The layers investigated have been fabricated by the reactive magnetron co-sputtering of 2 in confocal pure SiO 2 and Er 2 O 3 cathodes under argon-hydrogen mixture onto 4 in silicon p-type substrates. The incorporation of Si excess in the layers was due to the ability of hydrogen to reduce reactively the oxygen species present in plasma, as previously described in Ref. [19] . The control of the Si excess in the layers was made through the variation of the hydrogen rate r H ¼ F H 2 =ðF H 2 þ F Ar Þ, where F H 2 and F Ar are the values of gas flow for hydrogen and argon, respectively. The total flow of both gases was kept constant at 10 sccm, while the variation of F H 2 from 2 to 8 sccm allows modifying the r H value in The Si excess and disorder in the layers were studied by means of the Fourier transform infra red (FTIR) absorption technique. FTIR spectra were recorded under normal and Brewster incident angle (651) in the range 500-4000 cm À1 using a Nicolet Nexus spectrometer.
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Energy-dispersive spectroscopy (EDS) was performed to check the composition of the layers, allowing the estimate of the Er content to about (3-4) Â 10 20 cm À3 for all layers investigated. The thickness and the refractive index of the layers were determined by spectroscopic ellipsometry and/or m-lines methods.
PL spectra of SRSO-Er layers were detected at room temperature using a Jobin Yvon 1 m single grating monochromator and Northcoast germanium detector cooled with liquid nitrogen. PL was excited by means of Ar 
Results and discussion
The variation of the processing conditions (growth and thermal treatment) was performed with the aim of optimizing the Er PL and an enhancement of the fraction of coupled Er 3+ ions.
Effect of hydrogen rate
The typical effect of r H on the PL properties of SRSO-Er is demonstrated for the layer deposited at T S ¼ 100 1C and annealed at 900 1C during 60 min (Fig. 1, curve 1) . The PL intensity improves with the first stages of r H increase, reaches a maximum for r H $55%, before decreasing when r H is further increased up to 80%. This contrasts with the observed continuing decrease of Er 3+ lifetime (Fig. 1, curve 2) . Such behaviours of PL parameters could be explained by the variation of excess Si, as well as by the change of the proportion of coupled Er.
The Si excess induced by r H variation was estimated from the evolution of the FTIR spectra recorded at normal incidence (not shown) following the method described in Ref. [20] . Briefly summarized, this method is based on a linear relation between the shift on the TO 3 peak position for a sub-stoichiometric SiO x (1oxo2) matrix, with respect to that of SiO 2 , and the stoichiometric coefficient x. The highest Si excess was found around 10 at%, while the Si excess for the layers showing the highest PL has been estimated to be about 5 at%. These results were also confirmed by EDS measurements. The increase in the excess Si is expected to enhance the density and/or the average size of Si-nc, which are still amorphous and then hardly observable by transmission electron microscopy [21] .
Consequently, the increase in the PL intensity, when r H is increased from 20% to 55%, could be explained by the increasing density of Si-nc sensitizers, which, in turn, improves the fraction of coupled Er. However, for higher values of r H (r H 455%) that induce more and more Si excess, one expects some increase in the average size of Si-nc at the expense of their density and their coupling with Er ions. This might explain the observed PL decrease for r H 455%, even though the concomitant increasing disorder can also contribute to such a behaviour. The increase of the disorder with the Si excess is confirmed by the evolution of the TO 4 -LO 4 doublet of the FTIR spectra recorded at Brewster incidence (not shown), and is considered responsible for the gradual decrease of the Er 3+ lifetime shown in Fig. 1 . It is worth noting that the highest PL intensity for this series corresponds to a lifetime of 3.5-4 ms.
Effect of the temperature of substrate
The analysis of the effect of T S on the Er 3+ PL properties of SRSO-Er layers is presented for the samples showing the best PL features in the previous section (r H effect). Fig. 2 shows the evolution of both Er 3+ PL and lifetime against T S for the layers deposited at r H ¼ 60% and then annealed at 900 1C during 60 min. Both PL intensity and lifetime demonstrate behaviours similar to their counterparts for the r H effect (Fig. 1) . After a first increase, the PL reaches a maximum for T S ¼ 80-100 1C, before decreasing for higher values of T S . In contrast, the lifetime shows a smooth continuous decrease from 4.5 to 3.0 ms, when T S is increased from 50 to 200 1C.
Although r H was maintained constant at 60%, the increase of T S favours the incorporation of Si. Thus, when T S is increased from 100 to 200 1C, the Si excess was increased from 5 to 8 at%, while the Er content appears unaffected (3.5-3.8 Â 10 20 cm À3 ). As already commented for the r H effects, the smooth decrease of the lifetime is due to the T S -induced smooth increase of Si excess. Note that our layers are still showing PL higher than the 'standard' sample described in Ref. [18] , whose PL intensity is marked by a star symbol in Fig. 2. 
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Effect of annealing treatment
No Er 3+ emission was observed from the as-deposited layers, while short (2 min) annealing at 800 1C results in the appearance of notable Er 3+ emission (Fig. 3a) . The increase of the annealing time from 2 to 60 min has led to double the PL intensity, while the lifetime increases from about 2.1 ms to nearly 5 ms. To mention that the annealing at the same temperature of the layers described in the previous sections leads to the following behaviours (data not shown): (i) the lifetime shows a higher value (about 3.5 ms) after 2 min annealing and increases steeply to a saturation value as high as 8.8 ms for 30 min treatment and (ii) the PL intensity reaches a maximum after 30 min annealing and then decreases slightly for longer treatment. The structural changes induced by the thermal treatment have been analyzed through the evolution of the FTIR spectra. The short-time annealing leads to a sharp shift of TO 3 and LO 3 vibration bands towards the high-frequency side, indicating the occurrence of phase separation in the layers. Longer annealing resulted mainly in the increase of the intensity of the LO 3 band and the decrease of the TO 4 -LO 4 doublet, suggesting an increase of the Si/SiO 2 interface area and an improvement of the oxide matrix, respectively.
The evolution of either the Er 3+ PL intensity and lifetime with the annealing temperature T a is displayed in Fig. 3b . This figure shows a gradual decrease of the PL intensity vs. T a , while the lifetime increases rapidly to a saturation value of about 9 ms when T a is increased to 800 1C.
Analysis of the PL properties of the layer fabricated at optimal conditions
In this section, we will comment on the results obtained for the layers with the highest PL intensity that exceeds four times the one for the best ''standard'' layers described in Ref. [18] . Note that the present layers contain less Si excess (5 at% We take into account that the Er 3+ PL intensity at non-resonant excitation is proportional to I PL Er $s eff t decay N* Er F/t rad , where s eff is the effective absorption cross-section, t decay is the measured lifetime, N* Er is the number of Er 3+ ions coupled to Si-nc, F is the photon flux and t rad is the radiative lifetime. The t decay is $6.3 ms for the layers investigated against 5 ms observed in Ref. [18] , while the effective absorption cross-section, s eff , was found to be the same (4 Â 10 À17 cm À2 ). The increase of t decay only could not explain the increase of PL intensity four times in the present layers. And hence we can assume that there is an increase of the fraction of Er ions coupled to Si-nc. The comparison of the PL intensities showed that the latter is about 11% of the total Er concentration instead of 3% reported for the former samples [18] . It is worth noting that such increase of the fraction of Er 3+ ions coupled to Si-nc was also confirmed following the appropriate procedures described in Ref. [18] . However, in spite of promising results obtained in the present study, further improvement is needed to achieve a net gain in such layers.
Conclusions
In this paper, we have shown that the reactive co-sputtering of confocal targets allows the fabrication of SRSO-Er layers that show a significant enhancement of both Er 3+ PL emission and Er promising results, further improvements are necessary to obtain a net gain in the Er-coupled Si nanocluster material.
